We addressed the question to which extent inflammation-induced prostaglandin E 2 (PGE 2 ) regulates gene expression in the central nervous system. Wild-type mice and mice with deletion of the gene encoding microsomal prostaglandin E synthase-1 (mPGES-1) which cannot produce inflammation-induced PGE 2 were subjected to peripheral injection of bacterial wall lipopolysaccharide and killed after 5 h. The median and medial preoptic nuclei, rich in prostaglandin E receptors, were isolated by laser capture microdissection, and subjected to whole genome microarray analysis.
Introduction
Peripheral inflammation induces profound changes in gene expression in the brain.
The genes affected include those encoding immune responses, such as cytokines, chemokines, and adhesion molecules, but encompass also a variety of neuropeptides and other neurotransmitter related molecules (1) (2) (3) (4) (5) (6) . Peripheral inflammation also induces the production of prostaglandin E 2 (PGE 2 ) in the brain, being localized to brain endothelial cells (7) (8) (9) , and it has been demonstrated that many of the centrally elicited disease symptoms associated with inflammatory condition are dependent on induced prostaglandin production. Thus, animals with genetic deletion of prostaglandin synthesizing enzymes display abolished or attenuated responses, such as fever, anorexia, hyperalgesia, social avoidance, and stress hormone release upon peripheral immune challenge (10) (11) (12) (13) (14) (15) , and these symptoms can also be alleviated by pharmacologic prostaglandin inhibition (16) . However, it remains unclear to what extent the described changes in gene expression in the brain parenchyma (1-6) are a consequence of the induced prostaglandin production, or whether they occur independently, and hence to what extent these transcriptional events are involved in the development of the sickness syndrome. While the most rapidly developing sickness symptoms, such as fever that can be recorded within 15-20 min after a peripheral immune challenge (17, 18) , are likely to be elicited by mechanisms that do not require protein neosynthesis (18) , it is conceivable that the maintenance of the sickness symptoms may involve transcriptional regulation, either directly within cells that display a receptor mediated response to prostaglandins, or indirectly in cells affected by the former ones.
Here we address the question as to whether transcriptional regulation in the brain upon peripheral immune challenge is regulated by induced synthesis of PGE 2 .
We made use of the fact that mice with deletion of microsomal prostaglandin Esyntase-1 (mPGES-1), the terminal inducible PGE 2 synthesizing enzyme (19) , do not produce PGE 2 upon immune challenge (10, 20) . We compared the gene expression in these mice after peripheral injection of bacterial wall lipopolysaccharide (LPS) with that in LPS treated wild type littermates with intact mPGES-1, permitting us to examine the specific role of induced PGE 2 , as other inflammation and PGE 2 -independent mediators would be the same. Data were obtained by unbiased microarray analysis on the preoptic hypothalamus, a PGE 2 -receptor (EP) rich area (21) that also has been shown to be critical for the febrile response (22) , and were verified by quantitative RT-PCR on independent samples. To identify effects that may have been secondary to the increased body temperature in wild-type mice in response to the immune challenge, selected genes were also examined after emotional stressinduced, and prostaglandin independent, hyperthermia.
Materials and Methods

Animals
Male mPGES-1 +/+ and mPGES-1 -/-mice on a DBA1/lacJ background (20) were generated by breeding heterozygous littermates. The mice were weight-and agematched, and kept under similar environmental conditions with one mouse per cage and with water and food available ad libitum.
All the experimental procedures were approved by the Animal Care and Use
Committee at the Linköping University.
Immune challenge with LPS
Mice were briefly restrained and injected intraperitoneally (ip) with either 100 μl saline or 120 μg/kg LPS (Sigma, St. Louis, MO; 0111:B4, 1mg/ml) in 100 μl saline.
This dose evokes a centrally elicited sickness syndrome, with robust fever (10, 23, 24) , pronounced anorexia (12) , and strong hypothalamus-pituitary-adrenal axis activation (13) . All injections were done at the same time point during the light-on phase. Mice were killed by asphyxiation with CO 2 and briefly perfused with 100 ml saline prior to brain dissection at 40, 90, 180, and 300 minutes, respectively, after LPS injection.
Cage exchange-induced stress
A hyperthermic stress response was induced by letting two male mice exchange their home cages. As control, animals were lifted up but placed back into their own home cage. The animals were killed 100 min after the cage exchange.
Tissue preparation
For a kinetic study of the expression of COX-2 and mPGES-1 after LPS injection, and for the cage exchange study, the whole hypothalamus and striatum were rapidly dissected and stabilized in RNAlater (Invitrogen, Carlsbad, CA) overnight at 4˚C. The RNA was extracted with RNeasy Mini kit (Qiagen, Hilden, Germany), according to the manufacturers' protocol. The average amount of extracted RNA per sample was over 50ng/μl. RNA quality and quantity control was done on NanoDrop 1000
(NanoDrop, Wilmington, DE).
For microarray analysis the whole brain was frozen in OCT embedding (VWR, caps (Applied Biosystems), using landmarks for selecting the median and medial preoptic nucleus described previously (21) . The caps were placed in 0.5 ml microcentrifuge tubes containing 30µl RNA Extraction Buffer. After a brief centrifugation the tubes were stored at -70˚C. The RNA extraction was done with PicoPure™ RNA Isolation Kit (Applied Biosystems) according to the manufacturer's protocol. RNA quality and quantity control was performed on an Agilent 6000 Pico Bioanalyzer (Agilent, Santa Clara, CA).
Telemetric recordings
The mice were anaesthetized with isoflurane (4 %) and implanted in the peritoneal cavity with G2 E-mitter transmitters (Mini Mitter, Bend, OR) that allow continuous temperature and activity measurements. The animals were allowed to recover for at least 1 week before any recordings were made. Prior to LPS injections or cage exchange, the basal temperature of each mouse was recorded for 72 h to assure that they displayed normal body temperature with normal circadian variation.
RNA amplification and microarray hybridization
RNA was amplified by a two-round amplification using 
Microarray analysis
After quality control the raw image data were converted to CEL files using Affymetrix GeneChip Operating Software (GCOS). The CEL files were imported to GeneSpring GX software (Agilent) for analysis. Three different algorithms were used for data normalization: the Robust Multiarray Average (RMA) (25) , the Guanine Cytosine RMA (GCRMA) (26) , and the Probe Logarithmic Intensity Error (PLIER) estimation (27) . Data was filtered by expression, keeping the entities where at least 2 out of 10 samples had values between the 30 and 100 th percentile in the raw data.
Statistical analysis was performed using unpaired t-test with unequal variance comparing the mPGES-1 +/+ mice with mPGES-1 -/-mice. Genes were filtered on Volcano plot, cut-off was set at P≤0.05 and a fold change ≥1.5, and the genes that met the above criteria using RMA, GCRMA and PLIER were taken forward for additional study (28) .
Reverse transcription -quantitative PCR
The RNA was transcribed to cDNA with the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems). Pre-amplification kit was carried out with TaqMan 
Statistical analyses
Statistical significance of the RT-qPCR data was determined using the t-distribution.
The SEM for fold differences was obtained by first calculating the SD for each of the two groups that were compared (s 1 and s 2 with (n 1 -1) and (n 2 -1) degrees of freedom), and then applying these values in the following formula:
Activity and temperature curves were analysed by a two-way ANOVA followed by Bonferroni post-hoc test with correction for multiple comparisons.
Results
Temporal course of COX-2 and mPGES-1 expression
In order to find a relevant time point for the gene expression study we examined the dynamics of the gene expression of the prostaglandin synthesizing enzymes COX 2
and mPGES-1 in the hypothalamus during 5 h after LPS injection. Previous experiments using the current experimental model have shown that the mice rapidly generate a fever-response that lasts for up to seven hours (10). COX 2 mRNA showed a rapid induction that peaked at 90 minutes (fold change 15.87, SEM 0.297, P < 0.001), after which it slowly declined but was still clearly elevated at 5 h. The expression of mPGES-1 mRNA started to increase between 40-90 minutes postinjection, to display the highest value at 5 h (fold change 4.17, SEM 0.223, P < 0.001) ( Figure 1A ). From previous studies it is known that following peripheral LPSinjection, PGE 2 levels in the brain peak at 3 h, while protein levels of COX-2 and mPGES-1 continue to increase to peak at 5 h and 12 h, respectively (29) . To assure that we would monitor transcriptional changes elicited by high PGE 2 -levels and that the time point also coincided with the full display of various PGE 2 -dependent sickness symptoms (10, 12, 13) we selected 5 h after the LPS injection for the microarray study. While the time course study was done on tissue from the whole hypothalamus, and the microarray analysis on the preoptic region only, there is no evidence that induction of PGE 2 synthesizing enzymes should differ temporally between different regions (30) . Hence data obtained from the time course study were considered representative also for the more restricted region examined in microarray analysis. Table 1 ). Three transcripts displayed a higher expression in mPGES-1 -/-mice than in mPGES-1 +/+ mice, whereas the remaining 250 genes were expressed in higher amounts in mPGES-1 +/+ mice. The majority of the genes belonged to neuronal and cAMP dependent pathways, but no pathways were significantly changed in an integrated pathway analysis (Ingenuity Pathway Analysis System; Ingenuity System, Redwood City, CA).
Microarray analysis of differences in gene expression
RT-qPCR for microarray validation
Validation of the microarray data was performed on all the genes that had a fold change > 2 at P < 0.05, and for selected genes of special interest (cAMP signalling; neuronal signalling like GABA receptors, neuropeptides; and genes for synaptic vesicle transport pathways) that had a fold change of at least 1.5 at P < 0.01 (Table 2) . The results (Table 2) showed that the expression of only few of the examined genes differed between genotypes. Four of these, Anks1b (encoding a multi-domain protein that interacts with amyloid beta protein precursor), Calm1 (encoding a calcium buffering protein, calmodulin 1), Fam179b (encoding a protein with unknown function), and Rab40b (encoding a protein suggested to be involved in regulating secretory vesicles) displayed lower expression in LPS treated wild-type mice than in LPS treated knock-out mice, suggesting that PGE 2 down-regulated their expression, which was contrary to the microarray data. However, this down-regulation was verified only for Fam179b, which showed lower expression after LPS injection compared with saline injection in wild-type mice, but not in knock-out mice. Overall, the effect of LPS-treatment on the selected genes was small, with only 3 genes, Hspa1a, to be described below, Rab40b, and Pdzd2 (encoding a protein that bind the C-termini of transmembrane receptors or ion channels) displaying LPS-induced upregulation, although small, when compared to NaCl injected mice ( Table 2 ).
The largest difference in expression between LPS treated wild type and mPGES-1 knock-out mice was seen for Ptges, encoding mPGES-1, and included as control for sensitivity and accuracy of the genotyping, and Hspa1a, encoding a heat shock protein (HSP), which both were upregulated in LPS-treated wild-type mice (Table 2) . Hspa1b, which shares 99 % structural homology with Hspa1a, was analysed separately and was also found to show higher expression in LPS treated wild-type mice than in LPS treated knock-out mice (Table 3 ).
Because none of the genes that were selected based on the outcome of the microarray analysis was strongly upregulated, being in contrast to previous microarray analysis of the effect of LPS on hypothalamic gene expression (2), we performed an additional analysis on the same laser capture dissected material as used above of a few genes known to be strongly regulated by LPS. These genes, Ptgs2
(encoding Cox-2), Lcn2 (encoding lipocalin-2), and Cxcl10 all showed prominent upregulation, for some of the genes several 100-fold (Table 3) , consistent with previous results (2, 6, 24) .
Relationship between HSPs and mPGES-1
The HSPs were up-regulated at a later time point than mPGES-1 ( Figure 1B ), which might suggest that the HSPs were regulated by PGE 2 , the product of mPGES-1. To further examine this potential relationship we compared the gene expression patterns between an EP rich (the hypothalamus) and an EP low (the striatum) expressing region (31, 32) in the same animal ( Figure 1C ). We found that mPGES-1 and PGE 2 -receptor subtype 3 (EP 3 ), as expected, showed higher expression in the hypothalamus than the striatum, and that LPS treatment further enhanced this difference for mPGES-1. Hspa1a, but not Hspa1b showed higher expression in the hypothalamus than in the striatum (Figure1D), but whereas Hspa1b displayed a higher hypothalamus/striatum ratio after LPS than in naïve mice, the opposite was found for Hspa1a, i.e. patterns that were not consistent with what was expected had it been directly regulated by mPGES-1 induced PGE 2 .
Cage exchange-induced stress hyperthermia induces HSPs
Considering the data above, and since mPGES-1 +/+ mice but not mPGES-1 -/-mice display fever after LPS challenge, we tested if the difference in expression of the HSPs was a consequence of increased body temperature rather than increased levels of PGE 2 . We therefore subjected male mice of both genotypes to an emotional stress by letting them change cages (33) . Their reaction to this procedure is increased motor Vasilache et al., page 13 activity and increased body temperature (Figure 2A, B) . RT-qPCR analysis showed up-regulation of both HSPs transcripts, 100 min after the mice had been moved to each other's cage, with expression levels being close to identical between wild-type and mPGES-1 -/-mice, whereas the expression of the PGE 2 -synthesizing enzymes COX-2 and, in the wild-type mice, mPGES-1 was unaffected ( Figure 2C) . Thus, the HSPs were induced following emotional stress-evoked hyperthermia in the absence of induced PGE 2 -synthesis.
Discussion
In this unbiased gene expression study, examining the whole mouse genome, we show that inflammation-induced PGE 2 induces only small changes in gene expression in the brain, even in a region rich in EP receptors such as the preoptic region of the hypothalamus (21, 31, 32) . This is surprising considering that PGE 2 mediates many of the centrally elicited sickness symptoms characteristic for inflammatory diseases.
Thus, animals devoid of mPGES-1, resulting in inability to produce PGE 2 in response to inflammatory stimuli (10, 18), do not display fever, and show attenuated anorexia, HPA-response, and conditioned place aversion upon inflammatory challenge (10, 12, 13, 34) , and cyclooxygenase inhibition alleviates these disease symptom and behavioural responses (16) . Notably, while sickness responses to peripheral inflammation are absent or attenuated in mPGES-1 knockout mice, these mice display similarly increased cytokine levels in plasma (13) and induced cytokine mRNA levels in brain and peripheral organs (5) as wild-type mice, indicating that the more general features of the immune response evoked by inflammatory stimuli remain intact in the knockout mice.
Previous work with microarray analysis has demonstrated strong up-regulation by LPS of a large number of genes in the hypothalamus (2, 3, 6) . Here, when comparing the gene expression between LPS treated wild-type and mPGES-1 knockout mice, all genes differed less than three fold. This was not due to feeble gene response as such to LPS, as demonstrated by the very strong LPS-induced upregulation of Ptgs2, Lcn2 and cxcl10 (Table 3) . Notably, while not recorded in the present study, the experimental set up used here, with similar dose and administration route of LPS, elicits robust fever (5, 10), pronounced anorexia (12), and strong hypothalamus-pituitary-adrenal axis activation (13) . Although we in the present study did not validate with RT-qPCR on independent samples all genes that were differentially expressed in the microarray analysis, all genes which in that analysis showed a fold change > 2 were examined, and with the exception for HSPs, to be discussed below, few displayed significant difference in expression between genotypes, and when such differences were present, they consisted, contrary to the microarray data, of down regulations that were in the order of 20-40 %.
The present data imply that genes that are strongly upregulated in the hypothalamus by peripheral immune stimuli (2-5) are not regulated by PGE 2, but by some other, yet unidentified immune-to-brain signalling mechanism. They also seem to imply that the inflammation-induced gene expression in the brain, with the exception of that which results in PGE 2 synthesis, cannot elicit many of the centrally evoked disease symptoms that are characteristic of inflammatory conditions, since they occur also in the absence of such symptoms, as we previously demonstrated in mPGES-1 knock-out mice (5). However, it cannot be excluded that such induced central gene expression still may be a necessary, although not sufficient, component for the sickness responses.
Furthermore, the possibility exists that a PGE 2 -dependent induction of immediate-early genes was not detected considering that the expression analysis was performed 5 h after the immune stimulation. However, previous work in this laboratory has demonstrated that c-fos induction, which is prominent in many brain regions upon LPS-stimulation, including the preoptic hypothalamic regions, (13, 35) , is independent of induced PGE 2 -production (13). Thus, c-fos mRNA was rather increased in mPGES-1 KO mice in the hypothalamus 1 h after LPS injection compared to WT mice, and Fos protein expression was of the same magnitude in both genotypes several autonomic relay regions, including the preoptic hypothalamus, at 3 h post-injection (13); however, conflicting data exist (36, 37) . Similarly, it cannot be excluded that transcriptional changes could occur at a later time point than 5 h.
However, PGE 2 levels, which peak at 3 h post-injection, show a marked drop at 5 h, and are back to baseline levels at 12 h (29). Hence, if little effect on mRNA expression is seen 2 h after peak PGE 2 levels, i.e. the point examined in the present study, it seems unlikely that the considerably lower PGE 2 levels that are present are later time points should induce such changes.
Our microarray analysis and qPCR validation identified two genes, Hspa1a and
Hspa1b, that were induced in wild-type mice but not in mPGES-1 KO mice, and examination of the temporal pattern showed that these genes displayed induction in LPS challenged wild-type mice subsequent to the induction of mPGES-1 and hence subsequent to mPGES-1 induced PGE 2 synthesis. However, examination of the ratio of expression between the hypothalamus and striatum revealed that only Hspa1b displayed a pattern similar to that of mPGES-1, i.e. larger induction in the hypothalamus than in the striatum, being consistent with the higher EP-receptor expression in this region, whereas Hspa1a showed the opposite pattern with a larger induction in the striatum than in the hypothalamus. These observations suggested that the HSP induction was not the result of intracellular signalling in EP-expressing cells upon ligand binding, but secondary to the resulting increased body temperature. This idea was further corroborated by the cage exchange stress experiment, which resulted in induction of the HSPs, without induction of PGE 2 -synthesizing enzymes. It is well in line with the role of HSPs to protect cellular proteins from denaturation under stressful conditions, including heat stress (38) .
A possible limitation of the present study is that although a well-defined EP rich region was dissected (21) LPS-induction between genotypes for some genes that were strongly upregulated by LPS was about the same in the microarray analysis as in the RT-qPCR (Table 3 ).
In conclusion, the present gene expression study shows very small changes of the preoptic transcriptome that are mPGES-1 dependent. The genes that showed prominent mPGES-1 dependent upregulation, Hspa1a and Hspa1b, were proven to be temperature-dependent genes that had a general up-regulation in the whole brain, not controlled by mPGES-1 synthesized PGE 2 . Our data hence suggest that the centrally elicited disease symptoms, while being dependent on induced PGE 2 -synthesis that is dependent on mPGES-1 (5, 10, 12, 13, 34), are not the result of transcriptional regulation in brain cells. Rather, they suggest that these symptoms come into being by regulation of neuronal excitability that is the consequence of intracellular, transcriptional independent cascades. Hence, while prostaglandins, and particularly PGE 2 , are considered to be critical intermediates for activation of the brain by a peripheral immune signals (16, 40) , the profound gene regulatory effects elicited by such signals (2-6) must be mediated by other yet unidentified routes and are not directly involved in eliciting the centrally mediated sickness symptoms. 
